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1. Introduction

The spatial and temporal distributions of strain accumulation and release involved in various tectonic
and earthquake processes can be inferred from high-precision geodetic measurements of the corresponding
crustal deformation at the Earth’s surface. Space-based geodetic measurements which include the use of
earth-orbiting satellites provide a significant contribution to understanding dynamic processes. This is due
not only to the data quality but also to the wealth  of information provided by the nature of such measure-
ments and the error sensitivity to modeling globaf gcophysicat parameters. Unlike traditional ground-based
geodetic techniques, such as t.rilateration,  triangulation, and leveling, space-based geodesy yields simultane-
ous three-dimensional absolute positioning in an earth-centered reference frame. Space-based geodetic mea-
surements can be of high spatial and temporal resolution, and also can ensure long-term temporal stability
over loeat to regional and global distances.

The observable signals in space-based geodesy are emitted from extragalactic  radio sources, as in very
long baseline interferometry  (VLBI), from earth-orbiting satellites of the Global Positioning System
(GPS), or are ground-based signals reflected from specialized earth-orbiting satellites and from ret.rorefktors
emplaced on the moon, as in satellite laser ranging (SLR) and lunar laser ranging (LLR), respectively. A
distinctive advantage of space-based geodesy over ground-based measurement techniques is that the receiver
stations need not be mutually visible, greatly enhancing the capability of understanding deformation pro-
cesses over greater distances. Strain rates are determined from changes in the relative positioning estimates
of geodetic baselines connecting pairs of ground-based receivers within a network of established sites.
These sites are occupied periodically, or continuously in local deformation monitoring applications and in
permanent regional or global networks. Three-component strain and tilt estimates in principle can be inte-
grated in a self-consistent manner over a broad range of tength  scales, locaHy from seismic source dimen-
sions to globally for kxtonic  plate interaction studies.

The acquisition of geodetic data on regional and global scales allows  direct estimation of tectonic
piote motions, which presumably are constant over the time span of geodetic mcasurcmcnt  programs. In
conjunction with geologically and gcophysically  dctcrmincd slip rates, if available, slip rate and azimuth
estimates obtained from the inversion of geodetic data can be compared with value.: cstimmed from cumula-
Livc seismic moment release to assess the proportion of seismic to tectonic slip. Such a comparison gives
insight into the dynamics of tectonic and seismic processes and their in:crrclationship  for accommodating
the accumulation of strain. Larger-scale mtxsurcmcnts  have yielded pla!c motion estimates that are consis-
tent with those obtained from paleomagnetic  data [DeMe/s ef al., 1990] in some regions. Smaller-scale
measurements arc evolving rapidly from dealing primarily with the empirical assessment of measurement
precision and long-term stability (accuracy), particularly for comparison with well-established geophysical
measurement techniques, to yielding scientifically viable results [e.g. Larsen et al., 1992: Shimada and
Bock, 1992; Genrich and Bock, 1992].

In this paper, wc explore the potential of space-based geodetic mcasurcmcnt$  of crustal, or more gener-
ally Iithospheric,  deformation in the context of seismology. GcodcLic mcasurerncnw  made at various phases
of the earthquake cycle for a given fault, if incorporated with earthquake source chamctcrization  analyses, ge-
ometrical fault  models, and mechanical models of fault zone behavior, may lead to improved parametrizat-
ion of strain accumulation, release, and relaxation in the earthquake source region. The driving forces in
these models are constrained by regional plate motion estimates. High-precision space-based geodetic mea-
surements are an exciting complement to local and broad band regional seismology. Mechanical conditions
of plate boundary deformation can be modeled comprehensively only by integrating local and regional mea-
surements.  Since deformation measurements on complementary length scales and with overlapping re-
sponse are required in order to develop consistent dynamic and kinematic models of crustal  and Iithosphcric
deformation.

Our intent is to review the achicvcmcnts  of seismological source theory and data analyses, mechanical
modeling of fault zone behavior, and advances in space-bawd geodesy, and to focus on what we feel are real-
izable contributions of space-based geodetic mcasurcmcnts  specifically to the ficid of seismology. Wc
summarize the fundamental relationships between the crustal deformation associated with an earthquake and
the geodetically observable data. Throughout this paper, wc stress the response and spatial and temporal
resolution of the geodetic data required to understand deformation at various phases of the earthquake cycle.
In addition, we discuss the use of VLBI, SLR, and GPS mcasurcmcnts  for studying global geodynamic
properties that can be investigated to some extent with seismic data. Finttlly,  wc evaluate the potential con-



tributions of continuously operating strain monitoring ne[works and globally distributed geodetic observato-
ries to existing worldwide modem digital seismographic networks, in view of mutuatly  addressable prob-
lems in seismology, geophysics, and tectonics.

2. Seismological Measurements of Displacement

The accumulation of tectonic stress leads to earthquakes whose occurrence, in turn, results in the ac-
commodation and release of such tectonic stress. The accumulation and release of tectonic stress can be in-
vestigated in relation to an earthquake cycle defined by preseismic,  coseismic,  post seismic, and inter seis-
mic phases. During each of these phases the crustal  deformation exhibits a characteristic behavior
[Thatcher, 1975]. However, neither the spatial extent of strain release near the source and at the surface nor
the time frame of corresponding deformation signatures is fully understood [e.g. Mavko, 1981]. Geodetic
measurements spanning the earthquake process with high spatial and temporal resolution and long-term sta-
bility may contribute to studies of crustal  deformation, allowing the consistent integration of strain mea-
surements from time scales of a few minutes before rupture to several years before and after significant
earthquakes, and over distances comparable to seismic source dimensions and entire plate boundary deforma-
tion zones. Figure 1 illustrates length scales and time spans peninent to major earthquakes (M > 6) and
space-based geodetic measurements, including the dimensions and time spans associated with pre seismic
and @st seismic deformation, which are yet ambiguous.

Ground motions resulting from an earthquake are recorded by seismographic instruments on the
Earth’s surface, yielding seismograms, or waveform rezords, spanning a broad temporal spectrum from be-
low 1 s for body waves to over 300s for surface waves. Free oscillation data for large earthquakes also may
be obtained from the very-long-period instruments. The varirws seismic waveform data are analyzed in order
to characterize the earthquake source process as a series of displacement.s on a given number of fault sur-
faces. Seismicity  is increasingly time-variant over shorter obscrvat.ion  spans and leads to crustal  deforma-
tion with comparably varying temporal signatures manifesting the accumulation and relaxation of strain.
The surface deformation caused by an earthquake source rupture at depth can be observed geodetically as in-
stantaneous static displacements in the near-field, Nlorc  SUMIC surface deformation, associated with pre
seismic strain accumulation and premonitory displaccmcnts,  and post seismic viscoelastic  relaxation, also
may be observed geodetically in the vicinity of the earthquake c.piccntcr provided that such measurements are
of sufficient resolution and that signals thcmsclvcs  exist.

2.1 Characterization of Earthquake Source Parameters

In this  section, we review briefly and from a practical viewpoint the rcprcscntation  formulas of dis-
placements caused by an earthquake, as derived by lfaskel  [1964, 1969], We explain how these representa-
tions arc used to model recorded body waveforms or to estimate source characteristics using an inversion
method. Static (gecdctic) and kinematic (seismic) data of comp,arablc frequency response can bc inverted
simultaneously in order to determine earthquake source model parameters. The contributions of surface
geodetic data primarily take the form of constraints. on the lower frequency source spectra, thereby allowing
the integration of local and regional surface deformation measurements, and yielding bcucr determination of
deep fault slip, differentiation of aseismic  creep, and continuous imaging of the processes leading to and fol-
lowing ruptures. S urfacc geodetic data thus may help evaluate various realistic fault models and constitu-
tive relations developed from laboratory measurements of rock samples.

2.1.1 Earthquake Source Modeling

Displacements observable at the Earth’s free surface can bc computed by numerical integration of the
Green’s function which describes the displacements, caused by a finite earthquake source, over space and
time for a given medium. The Green’s function depends on the source and observation (reeeiver) coordinates
and time, and satisfies boundzry conditions on the fault surface, A, which are specified by the particular
problem (see Fig. 2a for the source and observation geometry). The elastodynamic  rcprcscntation  theorem
in the form given by de Hoop [1958] provides the mathematical basis for such a calculation,
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+ (Wxd  J ~A Cjk, pq GiP[~jlnk  M (2.1)

where xl,  x2, x3 are the Cartesian coordinates of the point at which the displacement component ui is to
be evaluated, &I, {2,&3 are the Cartesian coordinates of the point of integration in V and on A, and fj is a
body force per unit volume, and

where p is density, a and ~ are the compressional  and shear wave velocities, respectively, and ~mn is the
Kronecker  delta (see Haskel [1964] for further parameter descriptions). Gij transforms a given function
9({1, &2, ~3, t), which describes the rupture propagation, into

.
rfi

Gij[T(&,  t)] = (4 Zp)-1 ((3yiyj  - 8ij)r-3  Jr,a w(<, t - t’)t’ d t

(2.2)
+ ‘Yiyj(ct2r)”1 ~(~,  t -- r/et)  - ( Yil’j . /iij)  (P2r)-1  9(<> t  -  r/P))

where r is the distance from (~ 1, &2, <3) to (XI, x2, x3), and

Yi = (Xi - &i)/r .

A form of this theorem appropr iatc for Lfi3 representation of a faulting source in an infinite homogeneous
medium is given by Haskef  [1964] as follows:

4ztii(x,  t )  =  2(13/cx)2 JJA+ (ar)-l  yiylys  D(&, t -  r/a) dA
(2.3)

+  JJA+ (i3r)-1 { -~yiyl-~s + ys~il  + yl~i3)  ~(g, t - r/B) dA

where D=u+-u- is the relative displacement on the A+ surface with respczt to the A- surface. Furthermore,
Haskel  [1969] computes displacement, particle vchxity,  and acceleration waveforms in the near-field of a
propagating fault by numerical integration of the Green’s function integrals for an infinite medium.

Waveform data from an earthquake source usually are more complex than predicted from a simple
fault model. Many seismologists have developed methods to model a complex earthquake source using
body waveforms. Given the limited extent of this paper on this topic, we refer to the iterative inversion
method which has been developed systematically by Kikuchi  and Kanamori [1982; 1986; and 1991] to
model a source rupture process with a series of point sources. Using this method, the far-field body wave-
form is modeled with a superposition of waveforms from the various point sources, From Eq. (2.3), the
far-field body waveform due to a shear dislocation source is described in a simple form by

U c (x,t) = ~ JJA D(T, t - r/c) dA
4X pc3r0

(2.4)

where ~ is a variable point on A, r. is the average of the distance r to the rupture front, D(E, t) is the rela-
tive slip velocity, Rc is the radiation pattern, p is density, p is rigidity, and c is the body wave velocity
[Kikuchi  and Kanamori, 19821. Assuming that the tiavcl  time r/c can be approximated by its average
value, rdc,  the body waveform is given by,

Uc (X,t) =~ S(t -rO/c)
4?t pc%()

(2.5)
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where the S(t) is the far-field source time function defined by

s(t) =N~~A Iii’, t) dA . (2.6)

If the rupture propagation is characterized by abrupt changes in the fault area expansion rate, then the source
time function S(t) is given by a superposition of ramp functions,

S(t) = Z frli S(t - ‘ti ) (2.7)

where mi =&t Do AAi , AAi is the increment of the fault area expansion rate at time ~i , and

{

o tco
s(t) = t/7 ()<t <T.

1 t>’c

In the inversion, subevents ordered by magnitude are determined in a least-squares sense, and thus an earth-
quake source rupture is described as a series of subcvents  which are distributed on a single fault or faults (see
Fig, 2b). We should note that in the early version of this method [Kikuchi and Kanamori, 1982; 1986] the
fault mechanism of each point source, or subevent, was fixed during the inversion and only the spatial dis-
tribution and onset times of point sources on the given fault surface(s), as well as the point source magni-
tudes, were determined to account for the source complexity. In the recently improved version of this
method [Kikuchi  and Kanamori,  1991], the constraint of a single or multiple fixed fault mechanism can be
relaxed and the moment tensor of each subevent can be determined from the inversion. With more variable
parameters, the inversion may become more unstable and require certain constraints in order to obtain reli-
able resolution.

Recently, some studies have attempted to use strong motion waveform data and geodetic data simuha-
neously  in an inversion [e.g. Yoshida and Kokefsu,  1990]. While typical geodetic da~ do not provide tem-
poral information for characterization of the rupture process (although the potential for such exists, as we
shall discuss in Section 8), these da~~ are adequate for constraining the fault slip distribution in the low fre-
quency range. The actual source rupture process is complicated by hctcrogenwus  mechanical properties and
possible nonlinear strains [e.g. Vasco  et af., 1988], For example, a continuous increase of rigidity with
depth increases the shear strain near the fault surface, as was pointed out by Mahrer and Nur [19791.

2.1.2 Moment Release

The amount of coscismic  strain release, corresponding in large part to the strain accumulated during
an inter seismic period, can bc estimated using the relations between displacements (D), seismic moments
(Mo), and strain energy (E) [see Kanamori  and Anderson, 1975]. The change in strain .cnergy (AE) due to a
change in the static stress field (As) from oo to crI is given by

AE=A”~.; (2.8)

where b is the average fault offset, or relative displacement, and ~ is the mean stress drop. Since the total
seismic moment is the fault surface integral (or summation for a discretizcd  fault model) of the product of
the relative displacement and rigidity, the strain energy is linearly proportional to the seismic moment. The
average fault displacement also is proportional to the coseismic  stress drop (see the summary for different
fault types by Kanamori  and Anderson [1975]; e.g., for circular faults [Eshelby, 1957; Keifis  Borok, 1959],
for shallow infinite strike slip faults [Knopojjf, 1958], and for shallow infinite dip slip faults [Starr, 1928;
Aki, 1966]). Linearity ensures that the rate of coseismic  strain energy change is related to the fault slip
rate.

A spatially and temporally averaged fault  traction therefore maybe defined, and the strain energy re-
lease rate may be estimated from the fault displacement or tectonic plate motion rate. Relevant surface
strain rate data for the fault then can be integrated to estimate the time required to recover coscismic  strain
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during the inter seismic period, This corresponds to the “time-predictable” model of earthquake recurrence,
which is based on coseismic  strain drops and average strain accumulation rates [Shimazaki and Nakata,
1980; Sykes and Quittmeyer,  1981]. When baselines for geodetic measurements are established adequately
in relation to an earthquake fau14  the displacement rates of the two baseline endpoints can be used to derive
strain rates. Thus, geodetic displacements and strain rates similarly are linear functions of fault slip rate.
Segafl and Harris [1987] apply this approach to trilateration  data at Parkfield, California.

2.2. Seismicity,  Cumulative Moment Release, and Slip Estimates

The seismic moment released during an earthquake is the predominant portion of the strain energy ac-
cumulated since the previous earthquake in the source region. The seismic slip rate can be estimated from
the total released moment. However, the slip adjustments may be aseismic,  in which case the ratio of
seismic to tectonic slip would be too small. Regional geodetic measurements help quantify the comple-
mentary nature between seismic and aseismic  slip. The availability of both seismic and geodetic measure-
ments provides insight into the mechanical conditions of plate boundary deformation, and the distribution of
relative displacements and strain. Unlike traditional geodetic measurements, space-based measurements al-
low the estimation of slip rates on baselines which may span the entire width of a plate boundary deforma-
tion zone, and in principle, in a self-consistent manner for comparison with localized deformation if the
geodetic network is designed with a range of appropriate baseline lengths. However, in practice this path
integration of strain is difficult to achieve because vertical geodetic resolution is worse than horizontal and
relative position errors increase with baseline length.

2.2.1 Estimation of Seismic Slip

Seismic slip rates are estimated from the accumulated seismic moment release assuming typical fault
parameters for events in the area of interest. Generally, the seismic slip of an active fault region is esti-
mated according to the formula given by Brune [1968]. The average slip over a fault surface (cu>) is ex-
pressed as

<U> =  Md(~) (2.9)

where M. is the seismic moment, w is the rigidity, and A is the area of the slip. If wc let the average slip
extend over the entire fault area (Ao), then

A
“ “> >  =  ‘ u >  “  G = M~(PAo) (2. 10)

and the total slip (U) is obtained m

u = ~ <<u>>  = 1/( MAO) ~ Moe (2.11)

The depth extent of a fault generally may be somewhat ambiguous, determined in gross by the average
crustal thickness or earthquake sequence source depths.

2.2.2 Seismicity and Cumulative Moment Release

Variations in spatial and temporal seismicity  patterns have been studied by many authors. Tujima
and Traili [1991], for example, used the simple relations outlined above to consider the correspondence be-
tween space-based geodetic measurements of Pacific-North American relative plate motion in the Gulf of
California and seismic slip estimates from centroid moment tensor solutions, and to ascertain whether varia-
tions in geodetically estimated tectonic slip rates may be attributable to the pattern of seismicity in the re-
gion. Tajima  and Tral/i [1991] found that the seismic to tectonic slip ratio in the gulf is between approxi-
mately 17 and 30?40 but appears to increase slightly from south to north, progressing in the transition from
oceanic to continental transform system along the plate boundary. If seismicity  reflects the accommodation
of plate motion, then geodetic measurements of relative motion across different sections of a tectonic plate
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boundary similarly may be expected to vary about an average angular velocity (for a given pole of rotation)
due to local boundary zone complexities.

In order to ensure that geodetic and seismic measurements lead to a well-constrained and consistent
model of tectonic plate interaction, the effects of plate  boundary zone complexities and non-rigid plate be-
havior must be identified. Space-based regional measurements are invaluable in this regard. Geodetic mea-
surements of relative plate motion can be disturbed by short-term effwts associated with episodic seismic-
ity. To assess such effects, Tajima and Tralli  [1991] used a simple dislocation model (Section 3,1) to esti-
mate the surface displacements due to typical large transform events in the gulf (see Figs. 7 and 8). In the
advent of increasing precision in regional measurements, their results show the importance of considering
whether major earthquakes with significant seismic slip can affect geodetic estimates of relative plate mo-
tion, or conversely, whether geodetic errors are sufficiently low to resolve episodic slip in long-term mea-
surement programs. We shall return to these issues later.

3. Fault Models and Surface Deformation

In the previous section, the relationship between surface deformation and seismic source characteris-
tics was summarized using representation formulas. Differences between seismic slip estimates and geode-
tic estimates of tectonic slip also were discussed. We noted that geodetic baselines spanning a plate bound-
ary must be insensitive to boundary effects associated with local seismicity  in order to obtain an unper-
turbed estimate of the overall relative plate motion. However, if the interest lies in studying the mechanical
behavior of the plate boundary, which is manifested as a system of faults for example, shorter baselines
must be measured with the intent of resolving the near-field deformation, This transition in characteristic
length scale, from source dimensions out to a fcw fault widths, will be used now to discuss surface deforma-
tion modeling associated with seismic slip.

Repeated slip dislocations, or fault displacements, lead to the accumulation of surface deformation,
and hence to the evolution of geomorphologic  features [e.g. King et al., 1988]. This follows from Eq.
(2.1 1) upon superimposing the slip associated with a series of events on the same fault  plane. The rates of
these dcformational  processes can be estimated geodetically. The stress relaxation time, determined by the
viscosity of the medium, and Lhe wavelength of the deformation both must bc long enough so that the sur-
face deformation associated with fault rupture is not absorbed rapidly by an elastic-ductile lithosphere [King
et ai., 1988]. The accumulated deformation may be observed during long-term geodclic  programs that en-
sure measurement stability over local to regional distances. The onset of rupture and the earthquake source
properties are dcterrnincd  wilh seismic data, although the latter may be constraimxt  with geodetic measure-
ments,  as we shall discuss in Section 5.

The ability to resolve the subtle spatial and temporal behavior of viscoelastic.  deformation is limited
by the level of precision attainable with geodetic measurements at the surface. Admittedly, much of the fo-
cus of space-based epoch (periodic) geodetic memwrements  and continuous monitoring networks to date has
concentrated on the determination of far-field displacements associated with rigid plate motions correspond-
ing to linear or uniform slip rates. To be fair, in large part this has been the result of a desire to compare
and develop global plate motion models and a need to vcnfy the various geodetic systems, and (albeit de-
creasingly) of economic limitations imposed by the unavailability and cost of receivers for dense networks,
and (decreasingly) the technological limitations imposed by error sources that are not characterized fully.
These factors compromise the applications and potential resolution of the measurements over shorter dis-
tances where more complex deformation perhaps could be imaged. However, geodetic measurements at a
local scale have increased [e.g. Shimada  and Bock, 1992; Genrich  and Bock, 1992].

Although simple fault models often predict quite adequately the deformations geodetically observed at
the surface, our intent here is to provide a simple framework that allows the reader to realize the potential of
high-resolution space-based geodesy for constraining realistic models of deformation, particularly in con-
junction with broad band seismological mcasuremertts  and other high-resolution strain measurement tech-
niques. We emphasize that the various measurement types are complementary and of overlapping long-pe-
riod deformation response. Advances in understanding seismic and tectonic processes can be gained through
modeling the various measurements simultaneously to yield a broad, integrated, and consistent characteriza-
tion of the spatial and temporal properties of the deforming medium and the causative sources.



3.1 Dislocation Theory

Simple fault models can be used to calculate three-dimensional surface displacements given a slip dis-
location at depth. In this section we review expressions of surface slip as a function of distance from the
fault, assuming simple strike-slip geometry. Elastic and viscoelastic  models are discussed in the context of
inverting geodetic data of high temporal resolution, eliminating the potential aliasing  of shorter-period de-
formation signals [e.g. Tra/li, 1991] and allowing the imaging of post seismic relaxation phenomena.

A shallow, strike-slip, vertical fault may be modeled mathematically by a simple screw dislocation
which yields a corresponding static displacement. Consider a circular source of radius r=(x2+y2)  1~ centered
on the dislocation axis (z) at a depth y = D below the free surface of an infinite medium (13g. 3), where the
(x,y) plane is perpendicular to the fault (Burgers vector is on the fault plane  at depth D in the z direction).
The shear strain (eW) on a fault-parallel plane (x = constant) is the resolved component of the uniform shear
strain about the circle and is equal to S/2rcr (y/r), where S is the displacement on the fault  surface. The
surface sh~ strain across any plane parallel to the fault can be integrated to give the fault-parallel displace-
ments (u) of surface points

(3.1)

(see S(acey  [1977] for further discussion). This is the familiar inverse tangent relationship which yields the
surface deformation as a function of dislocation depdr (D) and perpcndicukrr distance (x) from the fault, and
which can be observed geodetically [Savage and Bwford, 1973]. A greater depth of faulting results in a
greater perpendicular distance from the fault at which the surface deformation can be observed readily. For
example, assume that D is 10 km and that tie geodetic resolution is 1 part in 107 over a 100 km baseline
centered perpendicularly across a fault. A static surface slip of about S cm on the fault can be resolved,
yielding displacements of 5 mm in opposite directiorls  at each baseline endpoint (the relative baseline dis-
placement is thus 1 cm); if D is 15 km, about 5 cm of slip at the fault surface can be resolved. The shear
strain rate for a dipping fault is obtained by replacing x with x - D cot 5 in the expression for fault-parallel
shear strain, where 8 is the fault dip [Savage, 1983al, and the corresponding fault-parallel slip then follows
from the integral in equation (3.1).

3.2 Uniform Halfspace  Models

A simple two-dimensional fault model typically is represented as a slip plane in a uniform halfspace
or in a layer over a uniform haifspace  (Fig. 4). In either case, the stress that drives the motion on the fault
is associated with the far-field plate motion. If the fault is specified as a slip plane in an elastic layer
(lithosphere) over a viscoelastic  halfspace  (asthenosphcre),  the stress diffusion between lithosphere and as-
thenosphere  [Elsasser, 1969] determines the distribution of fault displacements, the fault being locked dur-
ing stress accumulation while the systcm is driven by the tectonic plate motion [Turcol(e and Spence,
1974]. The distance over which stress will diffuse in time t is given approximately by

(@aHt/~)1/2 (3.2)

where M is rigidity, H is the lithospheric  thickness, and ha and q are the asthcnosphcre  thickness and viscos-
ity, respectively [Boff  and Dean, 1973]. Typical parameter vahres yield diffusion distances of a few hundred
kilometers. Rydelek  and Such [1989] show that fault slip and viscosity can be determined from geodetic
data collected several years after an earthquake, given dispersive stress propagation with velocities ranging
from 1 to 10 km/yr.

Dislocation models in an elastic layer over a viscoelastic  halfspace  predict that strain accumulation
and release occur over dimensions much greater than those predicted by halfspace  models duc to the long-
terrn viscoelastic  propagation of stored strain energy [Cohen, 1982; Ward, 1985]. Furthermore, numerical

, modeling of two-dimensional strike-slip faults suggests that high asthcnosphere  viscosity results in con-
stant inter seismic strain accumulation, wherein lower viscosity results in decreasing strain accumulation
[Turcoue et al., 1979]. Thcrcforc, wc sec that high-resolution surface deformation mcasurcmcnts  can be
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used to infer fault rheology, much in the same way that well-detcmined  vertical deformation measurements
may be used to test asthenosphere  relaxation models and post-glacial rebound, where the flexural rigidity of
the crust can be described by an effective elastic thickness. The advantage of space-based geodetic mtxtsure-
ments for addressing these types of problems lies in regional spatial coverage and long-term measurement
stability in an absolute global referenw frame.

3.2.1 Equivalent Elastic Halfspace

Savage [1990] suggests that an appropriate Iithosphere-asthenosphere model for a slip dislocation
may be constructed from the parameter values for an equivalent slip dislocation in an elastic halfspace  ob-
tained from the inversion of geodetic data. In the depth range between O and H, where H is the thickness of
the elastic layer over a viscoelastic  halfspace (e.g. Fig. 4), the equivalent elastic halfspace model yields a
coseismic slip of VT with no slip in the inter seismic interval, thus prescribing an earthquake cycle. V is
the uniform slip rate given by the secular relative plate motion occurring on the fault below a depth H,
above which the fault is locked, and T is the time interval between earthquakes. The velocity field on the
free surface is given by differentiating Eq. (3.1). At distances greater than 10H from the faul~ the slip ve-
locity is (&Y&)/2. In depth intervals below H, the slip rates in the equivalent halfspace  model we given by

Fn(t) exp(-pt/2q) (3.3)

for (2n-l)H < y c (2n+l)H, where p is the rigidity or shear modulus, q is the Maxwell viscosity in the as-
thenosphere  model, and t is the time since the last earthquake. The coefficients Fn(t)  are (n-1) degree poly-
nomials that depend on the ratio of time (t) to relaxation time (2TVV),  on ~, and on V (which is tie aver-
age slip rate in each depth interval) [see Savage, 1990]. Although surface slip rate data could be inverted to
obtain the slip distribution at depth, the high correlation between the depth intervals and the decreasing reso-
lution with depth in practice imply that an inversion actually may involve intervals of increasing thickness
above an infinite halfspace  [Savage, 19901.

3.2.2 Viscoelaslic  Deformation

Viscodastic  models indicate subdc diffcrcnccs  in the spatial distribution of deformation compared to
purely elastic models. The time scale of seismic wave propagation indicates that seismic data respond to
the elastic properties of the medium, while longer-term geodetic displacement mcasurcmcnts  may be able to
observe viscoelastic  relaxation if a minimum geodetic resolution of 1 part in 10 8 of baseline length is
achieved. Savage and Presto/t [1978] construct a simple two-dimensional model of the earthquake cycle
from the Nur and Mavko [1974] solution for a screw dislocation in an elastic plate (lithosphere) overlying a
viscocktstic  halfspace  (asthenosphcre)  and draw three conclusions: (1) surface deformation due to astheno-
sphcnc viscoclastic  relaxation cannot be distinguished easily from the effects of accelerated slip on a vertical
fault in an elastic hrdfspac~  (2) the effect of asthenosphcric  relaxation is important only if the depth of the
seismogenic zone is comparable to the lithospheric  thickness; and (3) the effect of lithospheric  and astheno-
spheric coupling is to decrease the time span of postscismic deformation and to concentrate the region of
significant strain change closer to the fault  than in a purely elastic halfspace.

In this section, we consider some of the effects of viscoclastic  deformation on high-resolution geode-
tic basciine measurements. We use the expressions given by Rosenman and Singh [1973] and Singh and
Rosenman  [1974] for obtaining quasi-static surface displacements, strains, and tilts from the simple case of
a slip dislocation in a Voigt or Maxwell viscoelastic  halfspace,  as derived from the elastic solutions of
Chinnery (1961) using the correspondence principle of Iincar viscoelasticity.  The temporal dependence of
viscoelastic  deformation arises from the dilatational  and shear relaxation functions which are integrated in
the stress-strain relations [see Turco[te et al., 1979], and are observed through the ratio of observation time
(t) to relaxation time as in Eq. (3.3). Therefore, it is only over time scales of the order of the Maxwell re-
laxation time that viscocktstic  behavior can be observed (for a Voigt model, the observation time must be
considerably smaller than the relaxation time). Specifically, in the Maxwell model for example, the dura-
tion of geodetic measurement programs must be comparable to or less than the relaxation times in order to
differentiate between elastic and Maxwell viscoclastic  halfspacc  models. The equations rcducc to tic corre-
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spending elastic case, namely the coseismic displacement, in the limit of t/z approaching zero in a Maxwell
viscoelastic  halfspace or approaching infinity in a Voigt viscoelastic  halfspace,

The simple fault model geometry is shown in Fig. 5. Only the amount of inskmtancous  slip and the
length  (L) and depth extent (h and H) of the rcxxangukir  fault pjane need to be sp~ificd a priori.  Surface dis-
placements are linearly proportional to the amount of fault slip, as was shown in Section 2, The amount
of estimated slip coujd be larger for a smaller fault dimension, and still yield an equivalent seismic moment
(Section 2.2.1). The relaxation time of a Maxwell viscoelastic  halfspace  is 2q/j.ti  where q is the Newtonian
viscosity and p is the rigid it y [Savage and Prescott, 1978; Turcotte  and Schubert, 1982, p. 337]. Estimates
of asthenosphenc  viscosity for a tectonically active (continental) region, inferred from postseismic relax-
ation, are about S x 1019 Poise [Nur and Mavko, 1974]. Li and Rice [1987] examined geodetic strain data
on the San Andreas fault and obtained values of 2 x 1019 to 1 x 1020 Poise for various depths of an elastic
layer (lithosphere) over a viscoelastic  halfspace  (asthenosphere), assuming a lit.hospheric  thickness of about
20 to 30 km. The corresponding relaxation times are 10 to 16 yr.

. Some key aspects of viscoclastic  deformation can be addressed witi  high-resolution space-based geode-
tic measurements. For example, the strain pattern due to a srnke-slip  dislocation changes according to the
rektxation  time of the medium, as shown in Fig. 6, and such changes are manifested within epicentraj  dis-
tances of about two fault lengths; the various models converge in the far-field. Furthermore, differences be-
tween elastic and viscoelastic  hajfspaces  not only affect the magnitude of the surface deformation but also
may introduce new nodal lines separating deformation of opposite sign [e.g., Sirtgh  and Rosenman, 1974],
thus possibjy changing the sign of the deformation measured between geodetic sites. Understanding the ef-
fect of viscoelastic  deformation is important for the inversion and interpretation of geodetic measurements
to constrain rhcologic properties, ahhough this is an inherently non-unique process. Figure 8 is based on
an analysis by Tajima and 7ral/i  [1991] which compares Lhc surface displacements predicted by an elastic
and Maxwell viscoelastic  halfspace  model for transform events in the southern Gulf of California (Fig. 7)
with GPS geodetic resolution along a 450 km baseline (see figure capLions).  The resuit’s of their numerical
calculations suggest Lhat if a Iwgc transform event with a seismic moment of about 1.5x1026 dyne-cm weri,
to occur within 100 to 200 km of a gtdf-crossing  baseline, the rclaLive distance measurements could be af-
fected by up to 15 m,m, In addition, ajthough Lhc relative displacements shown in Fig. 8 arc resolvable
marginally only for event I, the effect of viscodastic  deformation is quite small (at the fcw miljimetcr  Ievcl)
and cannot be detected over long baselines which yield a zero net relative change.

Viscoclastic  effects arc manifested predominantly in Lhc near-field, with some diffusion inLo [he far-
field. High spatial geodetic resolution of at least a few millimeters plus 1 part in 108 of baseline length
thus is required, in addition to temporal measurement stabijiLy, to model non-rigid effects of plate boundary
deformation and to differentiate bctwccn time-dcpcndcnt  models. This reiterates the interest in space-based
gcodeLic measurements for cstimaLing  gross plate motions simultaneously with seismic measurements of
local sjip fhJcLuations,  and for consistcndy  integrating near-flcld  and far-ticld  strains in order Lo understand
plate boundary mechanics,

4. Spectrum of Crustaj  Strain Rates

Strain rates associated wiLh teaonic motion are of Lhe order of 10 -7 u) 10-8& yr-l [Savage, 1983a].
At distances within a faujL lcngLh, the strains are 10-6  E, within a factor of 100 of the maximum strains ex-
pected along Lhe WpLUrf3  surface (AE=Aa/21t, where AC is the nominal stress drop, and P is the shear modu-
lus) [Wyau, 1988]. Understanding this broad range of crustal  deformation requires meawrcrnents wiLh high
spaLial and temporal resohtion,  which wc shall quantify in this section. Regional tectonic strain rates can
be observed with periodic geodetic measurements. Thatcher [1975] suggests that strain accumulation prior
to the April 18, 1906, San Francisco earthquake occurred over a period of about 50 yr, and aseismic strain
release over a period of about 30 yr after the earthquake. However, problems in fault zone behavior, such as
the depth extent of crccp, its relationship to rupmre, and Lhc distribution of fault sjip (during the entire
seismic process) suggest that continuous surface deformation monitoring is desirabje  given Lhe short periods
which may characterize possible strain signals and the need to avoid aliasing  precursory deformation signa-
tures [Tra//i, 1991], as for exampje in earLhquakc and vojcanic  eruption prediction programs.

We discuss the various strain rates associated with rcgionaj  tectonic deformation, represented largely
by the intcrscismic period of the earthquake cycle, and the strain rates associaEd with prcseismic, coscismic,
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and postseismic deformation. These Iatmr phases of the earthquake cycle, which are related more directly to
the acceleration and release of strain energy during rupture, have implications for short- and intermediate-
term earthquake prediction programs. Nonetheless, interseismic  strain accumulation must be understood in
order to detect anomalous behavior in intermediate-term prediction. We show, through the results of pub-
lished laboratory studies of rock behavior and the corresponding development of constitutive  retations,  that
high-resolution space-based geodetic measurements may contribute significandy  to the understanding of the
earthquake rupture process, artd to constraining dynamic and kinematic models of strain accumulation and re-
lease.

4.1 Fault Friction Constitutive  Relations

The relationship between stress and strain is known as the constitutive  relation, and is a function of
the material properties of the medium. Constitutive  relations are important for determining the amount of
deformation expected from the application of a given stress field, and for the inversion of geodetic data re-
lated to fault slip. Increasingly, laboratory studies of rock samples have been improving our understanding
of the frictional properties of fault surfaces and the corresponding temporal distribution of strain and slip at
the point of rupture. If geodetic measurements of crustal  deformation also are to contribute to studies of
fault zone behavior, then their resolution must be such that consuaints  may be placed on realistic fault
models rather than on simple uniform halfspace  models. Fitting local geodetic measurements to simple de-
formation models is useful for testing the consistency of the measurements themselves and for isolating the
gross deformation features associated with rupture. However, such measurements are of little interest to the
seismological and geophysical communities if their spatial and temporal resolutions are inadequate for pro-
viding further constraints on realistic parameter inversions. In this regard, knowing which seismological
problems involve greater uncertainties (e.g. fault zone behavior) steers the development and application of
geodetic techniques in a manner which helps constrain the solutions to these problems. In the following
sections wc focus on deformation behavior C1OSC to the fault in the context of preseismic,  coscismic,  and
postscismic  strain changes, and discuss how high-resolution space-based geodetic memrrcments  may en-
hance the imaging of surface deformation for inferring earthquake source parameters.

The constitutive  behavior of faults can be described by the response to a step incrcmc  in sliding ve-
loci[y. whereby the initial effect is an increase in frictional resistance followed by an exponential decay of
frictional resistance over a characteristic length of slip displacement that scales with surface roughness or
asperity. If the decay is greater than the initial frictional resistance incrcasc,  the material is weakened
(“velocity weakening”), and if the decay is lCSS the behavior is termed “velocity strengthening” [Tunis,
1988]. Creeping (stable) and locked (unstable) segments of faults may bc dcscribcd by materials that
strcngrhcn or weaken, respectively, in response to stress loading.

“Stick-slip” instability depends on whether frictional resistance decreases more rapidly than the driv-
ing force. The ratio of the coefficient of static friction, ps, to that of stick-slip or kinematic friction, Bk,
may be expressed as

& . ——Q———.._ (4.1)
Pk (cT-Acr/2)  (] -y )

following Scho/z el al. [1972], where cr is the shear stress at the onset of slip, Ao is the stress drop, and y
is the seismic efficiency of radiating the accumulated strain energy as seismic waves. Typical values of
~~vk  range from a little over 1 to about 1.44 [Dieterich,  1974]. “Slip weakening” occurs when the fric-
tional resistance decreases wilh increasing slip, and there is then accelerating slip prior to instability.
Acccleratcd  slip at depth concentrates shear srresscs  closer to the fault plane. However, there is no means in
this model for the fault to regain strength after failure. Rate-dependent friction thus maybe introduced, but
this “velocity weakening” is subject to point-wise instability, which does not ensure that an entire fault
segment slips in equilibrium during failure [Horowitz and Ruinu,  1989]. State-dependent friction laws,
based on laboratory studies, appear to yield the behavior most reprcscntativc  of actual faults. Segall [1991]
reviews various fault models and instability mechanisms.

Again, we note that local strain monitoring networks which employ both broadband digital seismo-
graphs and high-resolution geodetic mcx.tsurcmcnts can address realistic fault models if they can provide con-
straints on material properties and mechanical behavior of fault zones. The distribution of surface velocity
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is a function of distance from the fault, with the strain becoming increasingly nonuniform as the earthquake
approaches, suggesting that conversion of line length data to velocities is a better representation of the de-
formation [Tuilis,  1988]. For an earthquake prediction monitoring program, therefore, additional measure-
ments of strain and displacement could be undertaken at depths of about 5 km in boreholes,  where the slip
instability is first pronounced [Tu//is, 1988]. Surface velocities lag those at depth, with stress changes at
various depths occurring due to changes in frictional slip resistance with depth and thus variations in elastic
coupling.

4.2 Preseismic  Strain

Recent work on rate- and state-dependent friction constitutive  relationships [e.g., Tse and Rice, 1986]
suggests fairly simple mechanical models of fault behavior, with imperceptible precursive slip but signifi-
cant postseismic  slip (the Iauer  involving a larger depth range). Two-dimensional models suggest that pre-
seismic slip rates of the order of 10 to 100 mm/yr  would have to be resolved in a few days to a month over
baselines of a few kilometers in length [L.orenze((i  and Tunis, 1989]. Small-scale precursory and long-term
postseismic  strain rates imply that crustal  deformation measurements must have a resolution of about 10 -8

& in order to distinguish mechanical properties at depth [e.g., Savage, 1990]. This represents a relative dis-
tance measurement accuracy of 1 mm over a 100 km baseline (1 part in 108). However, required accuracies
are higher for three-dimensional models.

Deformation immediately prior to an earthquake, which may be used as a short-term precursor, has
not been resolved with strain instruments to date. The seismic moment associated with prc-instability  slip
scales with the cube of the radius of the instability nucleation zone [Segal/, 1991]. Precursory strains ac-
count for only about 0.1 to 1% of the coseismic strain [e.g. Agnew and Wyut(. 1989; Johnston ef al.,
1990]. ‘I%e slow, long-period rupture events (Section 4.6) suggested by Beroza and~ordan  [1990] also may
be associated with accelerating instability.

4.3 Coseismic  Strain

Measurements of coscismic  displacements and corresponding strain perhaps are the most obvious ap-
plication of geodesy for complementing seismic data and constraining estimates of fault slip at depth. For
space-based geodetic networks, the greatest advantage in this regard lies in consistent high-resolution mea-
surements of spatially related strain changes at regional distances and temporally related strain changes be-
fore and after rupture.

The coseismic strain change is related directly to the seismic moment, Nlo, which was discussed in
Section 2.2. For the root-mean-square (rms) of several independent components of strain at one location, or
rms of any given strain azimuth averaged around a circle of constan:  hypoccntral distance, where the strain
change Ac+mS <10-7, the average spatial distribution is given by

A~m~ = 4 X 1 0-12 MC)/R3 (4.2)

where R is hypocentral  distance (in meters) [Wya/t,  1988]. This average relationship is substantiated by
McGarr et al. [1982] and Shimada et al. [1987]. Using a long-base strainmeler  at an epicentral  distance of
97 km from the main shock, Agnew and Wyu(( [1989] show no evidence of precursive strain changes asso-
ciated with the 1987 Superstition Hills, California, earthquake sequence. This is consistent with the results
of Lorenzefti  and Tu/lis  [1989] for uniformly applied strain (the Superstition Hills earthquake was triggered
by a stress change due to the Elmore Ranch earthquake about 12 hr earlier). However, an extensional strain
change of 1.5 x 10-9 & (about 10 percent of the coseismic strain change) was recorded in the fiist 5000s af-
ter the main event. GPS geodetic measurements of strain accumulation and coseismic offsets associated
with the Superstition Hills earthquake are described by Larsen [1990], Larsen et al. [1992] and Larsen and
Rei/inger  [1992],



4.3.1 Triggered Events

CoSeismic stress changes related to nearby fault slip, and leading to creep events or secondary earth-
quakes, are a way of studying fault response and possibly yielding important constraints on the constitutive
properties of fault zones. Allen et al. [1972] and Fuis [1982] studied the Superstition Hills  fault and sug-
gest that triggered slip may be due to a change in the static strain field associated with distant fault rupture,
dynamic strain associated with the propagation of seismic waves, creep migration, or a regional strain event
manifested both seismically and aseismically  in different areas. The nature of aseismic  creep, either stcady-
state or time-variant, and its relation to the earthquake cycle maybe addressed using high-precision geodetic
measurements. McGill et al. [1989] suggest that triggered slip may occur at any point in the earthquake
cycle. The deployment of local to regional geodetic networks spanning several slip-parallel fault segments
is an advantage over using a sparse network of crecpmeters and aIignment arrays. Possible resolution of
surface deformation associated with triggered slip events [e.g., Simpson et al,, 1988; Williams e[ ai., 1988]
could help constrain the slip (or moment) inversion of the main earthquake. Understanding creep perturba-
tions associated with earthquake rupture also may be important for intermediate-term earthquake prediction
[Simpson et al., 1988].

4.4 Post-Seismic Strain

Geodetic measurements of postseismic  deformation, in conjunction with coseismic  measurements,
can contribute significantly toward understanding the rupture propagation process and the relationship with
material properties. The effects of time-dependent deformation on geodetic measurements were discussed in
Section 3.2.2. We noted that high-resolution (precise and accurate) geodetic measurements of the order of
10-8 E are required to image long-term post-seismic deformation and to distinguish between mechanical
models of the earthquake source region. Continuously operating (near real-time) geodetic networks (or
rapidly deployable networks if previous measurements of an area exist) with fairly high site densification  are
necessary to enable the mapping of surface deformation prior to rupture, including precursory signals, and
its subsequent evolution in time. GPS geodesy, in conjunction with broadband seismic instruments,
crwpmctcrs,  borehole  instruments, and hich-quality  strainmetcrs,  offers the greatest potential return in this
regard, given the increasing deployment of continuously operating networks, and the network dcnsification
made possible by kinematic or rapid static surveys [e.g. Genrich,  1992]. Wc defer further discussion to
Section 8.1.

4.5 Fault Creep

The form of creep events, whose amplitude wtci rise time arc related to the geometry (aspect ratio of
length and depth) of the slipping patch and fault zone rheology, appears to be slow acceleration for a few
minutes, followed immediately by maximum velocity, and slip deceleration for several hours. Wesson
[1988] gives an excellent account of fault  crc.ep dynamics, Our interest lies in evaluating whether space-
bascd  geodetic mcasurcmcnts can complcmcm crecpmcter  mcasurcmcnts  by helping address problems that
are unresolvable using only small-scale or small-apcrttrrc  networks or alignment arrays. An important ques-
tion is the depth to which surface fault creep extends, particularly since resolution with depth decreases for
inversion of surface deformation measurements [ Wesson, 1988], and because imaging fault motion at
greater depths requires surface measurements at greater distances from the fault. Creep at depth may be re-
lated to thermally activated simple friction. Savage and Bt@ord  [1973] and Thatcher [1979] suggest creep at
several kilometers of depth based on trilatcration  and triangulation measurements on baselines more tian 10
km long. However, several authors cited by Wesson [1988] observe that creep events typically are confined
near the surface.

The three factors noted by Wesson [1988] to cause near-surface fault creep are: (1) stress applied to
the fault zone from external sources; (2) stress related to the geometry and distribution of displacement on
the fault (the response of the surrounding elasstic  medium to anelastic  deformation within the fault zone it-
self); and (3) attributes of the constitutive  relations describing the frictional behavior on the fault. These
parameters, as we have seen, are addressable with space-based geodetic measurements (admittedly, the third
factor to a lesser degree). In other words, the potential of local and regional strain monitoring networks is
to integrate the deformation from the fault zone out to regional distances, thus helping to assess the spatial
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and temporal relationships between these three factors. This, in turn, is important in earthquake prediction
models if the creep is treated as a means of stress loading patches of frictional resistance (e.g., asperities) on
the fault,

Specification of a depth to the transition zone between the locked (slower slipping) zone at or near
the surface and uniform slip below (and above the locked zone if surficial  creep is introduced) is required to
discretize  a fault plane for creep. This depth is typically the base of the seismogenic zone. The Green’s
functions for creep are quite simple if creepmeter  or alignment array data are used, since the system of rele-
vant equations can be partitioned into line-length changes and creep rates. Harris and Segall [1987] use this
approach to investigate locked zones at depth on the Pazkfield  segment of the San Andreas fault. Geodetic
data generally do not have the resolution to distinguish models with a shallow locked zone and smaller rate
of slip at depth from deeper locked zone and greater rate of slip at depth [e.g. Thatchi?r,  1979].

4.6 “S1OW” and “Silent” Earthquakes

As the response of long-period seismometers has improved, more evidence has accumulated concer-
ning “slow” and “silent” earthquakes. A slow earthquake produces high-frequency body waves associated with
high-speed rupture propagation, but the overall duration is long in relation to other events of comparable
moment release, and low-frequency excitation is anomalously high [e.g., Kanamori and Stewart, 1979].
The 14 January, 1978 Izu-Oshima,  Japan, earthquake is discussed by Such  e( al. [1981] as a squence  of
slow events. The June 6, 1960, great Chilean earthquake also is considered a slow event by Kanamori  and
Stewart [1979]. A silent earthquake is a slow earthquake that lacks high-frequency characteristics [e.g.
Bonafede  et al., 1983]. The rupture velocities of slow and silent earthquakes range of from 1 km/s to 10
m/s [Beroza and Jordan,  1990].  Creep events [e.g., Scholz e~ al., 19691 and strain migration [e.g.,  Rundle.
1978] are associated with rupture velocities of 100 mm/s to 1 m/s, and 1 mm/s to 10 mm/s, respectively
[Beroza  and .lordan, 1990]. Figure 9 summarizes these various characteristic rupture velocities.

The importance of studying earthquakes with low rupture velocities became apparcm  in laboratory work
on constitutive  relations a~d stable-unstable behavior, such as strain weakening [Dieterich,  1979], strain
hardening [Tse and Rice, 1986], and quasi-static viscoelastic  deformation, as discussed earlier. Berozu  and
Jorabn [1990] suggest a relationship between slow earthquakes and precursory seismicity  that generates the
low-frequency radiation prior  to high-frequency rupture. Thc Iattcr is associated with stable aseismic  slip
prior to unstable stick-slip behavior anti possible accelerating slip immediately before rupture [Dielerich,
1978]. Low-frequency scisrnic  cvems can be observed geodetically, depending on the size of the rupture nu-
cleation zone. High-resolution geodetic networks offer an exciting area of research that may benefit from
the overlapping bandwidth of seismic observations. Ideally, near-field instrumentation, such as strainmcters
and continuous geodetic strain monitoring, is necessary for observing slow precursors; otherwise, an analy-
sis must be based on source time functions dctcrmincd  from long-period tclcscismic  data.

4.7 Rupture Nucleation Zone

The size of the earthquake nucica~ion  zone is unclear but ranges from several ccntimctcrs [Scholz,
1988] to several kilometers [Dobrovolsky e[ al., 1979]. Ishibashi  [1988] distinguishes between physical
precursors to earthquake which are associated with the initiation or progression of rupture and tectonic pre-
cursors which are associated with movements of tectonic systems surrounding a rupture preparation zone.
He cites the January 14, 1978, Izu-Oshima earthquake (Ms 6.8), and the September 1, 1923 Kanto earth-
quake (Ms 8.2) as examples of the latter (recall that this Izu-Oshima wthquakc  was described as a sequence
of slow events by Sacks e( al. [198 l]). Ishibashi  [1988] further states that although deciding whether a pre-
cursor (or observed anomalous phenomenon) is physical or tectonic is hampered by poor understanding of
fundamental mechanisms for precursory earthquake phenomena, the increased usc of space-based continuous
plate motion monitoring will help make tectonic precursors more effcctivc for practical and quantitative
earthquake prediction. The Izu Peninsula in Japan, at the junction of the Pacific and Philippine Sca plates
with the Asian plate, is the site of a permanent, continuously operating Global Positioning Systcm geode-
tic monitoring network [Shimada  et al., 1989; 1990; Yabuki  et al., 1991; Shimada and Bock, 1992] (see
Fig. 11, Section 8.1).

14



5. Simultaneous Inversion of Seismic and Geodetic Data

The first geodetic measurements of the displacement field produced by an earthquake (namely the
great 1906 San Francisco earthquake) were obtained by a triangulation network established in the 1880s
along the San Andrea  fault in California [Huyford and Baldwin, 1907]. The analysis thereof led Reid
[1910, 191 1] to formulate the elastic rebound theory to explain the accumulation and relaxation of elastic
strain before and after fault rupture.

Inversion of geodetic data is inherently non-unique. In this section, we consider whether differences
in surface deformation (fault displacement, rupture veloeity,  strain, and st.min  rate) can be measured geodeti-
cally. The spatial and temporal distributions of these quantities at the surface are related to the earthquake
nucleation process, and to creep acceleration and distribution at depth along the fault plane. The need to
constrain the kinematic properties of the fault rupture process using measurements of surface deformation
places an upper bound on requisite geodetic resolution. In general, seismic waveform inversion yields the

. strike, dip, and slip of the faul~  whereas geodetic deformation data help determine fault length, width, loca-
tion, and the amount of surface disbeation,  and hence constrain estimates of the earthquake source moment.

Geodetic and seismic data represent static and dynamic displacements, respectively. Spatially, geode-
tic data constrain the fault geometry and displacement parameters within a few fault widths of the source.
Such data can be complemented seismically with regional body waveform data which span the low-fre-
quency response band. Furthermore, displacements can be obtained by integrating near-field strong motion
waveforms. This waveform integration can be constrained by the near-field geodetic data. Geodetic data
have a long-period response that is not sensitive to the higher frequency characteristics of seismic strong
motion records, which are atrnbutable  to heterogeneous slip distributions.

5.1 Geodetic and Seismic Moments

The displacement u(x) at a point x on the Earth’s surface duc to slip on a finite fault may & written

u(x) =
/

G(x,Qm(Qd& (5.1)
s

where m(~) is the moment density along points on the fault surface S, and G(x,Q is the sensitivity kcmel
or Green’s function. G(x,&) is a nordincar  function of fault parameters (strike, dip, and rake) and relative
motions of x and <, where ~ is the source location on the fault [Ward and Barrien(os,  1986]. In order to in-
vert for the slip distribution on the fault, m(<) is discrctizcd  into N elementary sources (j) and M observa-
tions (i),

U ( X J  =  ~ 6(Xi, &)S(&) (5m~)
j=l

where each unit source consists of an unknown slip. A uniform slip planar model is a simple example of
this expression. The Green’s function may be specified by the expressions for a uniform strike-slip disloca-
tion in a homogeneous isotropic elastic haifspace  following Chinnery [1961], h4aruyama  [1964], and Press
[1965].

Ward and Barrientos  [ 1986] describe an iterative gradient technique for solving the typically undcrde-
tcrmincd  (N > M) system of equations for variable slip planar models. The fault dimension (length along
strike, width downdip, and Cartesian (x,Y,z) position of an upper fault comer) actually is obtained from the
inversion process, either from observational data or from a solution to a simple uniform slip model with
the more certain parameters (such as strike) constrained, while dip and slip angles are searchti  parameters
given a starting slip dislocation (or starting change in moment). Barrientos and Ward [1990] find a discrep-
ancy between the geodetically determined moment from their variable slip model inversion and the seismi-
cally determined moment. However, this can be minimized by constraining more slip to locations that are
not well resolved geodetically, as indicated by the scnsitivit  y kernel for a given fault orientation.

Yoshida  and Koketsu [1990] also present a method for simultaneous inversion of strong motion
wavcforrn  data and rnangulation data to model an earthquake rupture proecss.  An example using the 1984
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Naganoken-Seibu,  Japan (M. = 3 x 1025 dyne-cm), earthquake shows that the geodetic (triangulation) data
affect peak slip position and slip angle determination. Saucier et al. [1992] use a finite element joint least-
squares inversion of very long baseline interferometric  (VLBI) and geologic data. Their solution of strain
energy minimizing yields estimates of block deformation, motion, and fault slip rates, The fault slip data
are constrained with seismic, geologic, and geodetic data, while the far-field displacements provide boundary
conditions.

The matrix system Cm = u of Eq. (5.2), where the slip and areal  components are contained within
the moments m, may be partitioned into dynamic (seismic) and static (geodetic) elements. The Green’s
function can be calculated with a generalized reflectivity method [e.g., Fuchs, 1968]. Xie and Yao [1991]
apply this method to determine the rupture process of the July 27, 1976 Tangshan, China, earthquake (Ms =
7.8). They point out that long-period teleseismic  data have a temporal resolution more commensurate with
that of geodetic &ta, which sparsely sample the low-frequency properties of the source. Assuming that the
static displacement on a fault is related to the total seismic moment associated with each subfault, the static
moment can be expressed in terms of teIeseismic  moment data. The equations for simultaneous inversion
of telcseismic  waveform data and geodetic data are written in the form

‘W’’=w] (5.3)

subject to Im z O, where the superscripts refer to dynamic (d) and static (s) data, and the weights W account
for differences in data reliability, quality, and resolution [Xie and Yao, 1991].

The solution to this systcm of equations is obtained by a minimum L2 residual norm, or least
squares, method. Use of a generalized inverse approach with singular value decomposition of G has the ad-
vantage of indicating which parameters are well determined (resolution) and which data arc more important
(information) [Wiggins, 1972; sce also Aki and Richards, 1980]. For example, if tclescismic  data yield a
small range of take-off angles, then poor horizontal spatial rcsoh.ttion  results. On the other hand, geodetic
data generally yield much less temporal resolution but may provide higher spatial resolution near the fault.

S imultancous inversion of dynamic and static displacement data are justified provided the respective
moments are comparable, or in other words, the slip behavior of the fault is complctcd  within a short rise
lime. Xie and Yao [1991] obtain a larger geodetic moment than that estimated from seismic body wave
data. Possible explanations are: (1) static data contain long-period contributions outside the body wave fre-
quency band; (2) there arc contributions from aftershock scqucnccs;  and (3) there is a..eismic  fault creep.
Aseismic slip in the period of days to weeks following an earthquake can be an appreciable amount  of the
total seismic moment, contributing to a larger geodetic moment (for example, see Prescott e[ ai., [1984]).
Smith and Wyss [1968], however, point out that slip was not observed for 59 days near the cpicentcr  of the
1966 Parkfield, California, earthquake, and that it was episodic rather than a smooth dccrcasc in slip rate.
Episodic aftcrslip similarly was observed after the 1979 Imperial Valley, California, c.arthquakc [Cohn et
al., 1982], and after the 1987 Superstition Hills earthquake [Bilhum,  1989].

The analysis by Tajinta  and Tru/li [1991] (see Section 2.2) indicates a substantial difference bctwccn
slip estimates derived from cumulative ccntroid moment data and GPS geodetic slip estimates which concur
with the tectonic slip predicted by a recent global plate model. Although seismic slip estimates contain
some ambiguity, this discrepancy also can be attributed to a seismic data time window which is small and
unrepresentative compared to the geologic time frame, and uncertainties in fault gcomewics  at depth biasing
the seismic slip estimates. The complementarily of geodetic and seismic measurements is evident.

6. Space-Based Geodetic Techniques

Up to this point, wc have rcvicwcd  the relationships between seismic measurements of ground mo-
tions due to an earthquake and corresponding geodclic measurements of surface dcforrnation. Various phe-
nomena  associated with the fault rupture process have been outlined, with emphasis placed on the spatial
and temporal characteristics of surface deformation. Many problems in crustal  deformation modeling which
are least understood can benefit most from high-resolution geodetic measurements consisting of dense spa-
tial coverage and sufficiently fine temporal sampling, in anticipation of measuring subtle deformation be-
havior.
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Space-based geodetic measuremcn!s  also can be used to study a variety of globat  geophysical parame-
ters given the nature of the data reduction and the need to define a stable coordinate reference frame. These
parameters include Earth orientation, such as length-of-day fluctuations in the angular velocity of rotation,
and internal Earth structure, such as the distribution of elastic properties, and boundary layer effects resuk-
ing from the coupling between the solid mantte  and fluid outer core.

In this section we describe briefly the three primary space geodetic techniques — very long baseline
interferometry  (vLBI), satellite laser ranging (SLR),  and measurements with the Global Positioning Sys-
tem (GPS) — and the typical problems addressed by each. Figure 10 schematically illustrates each of these
techniques. Results of previous work are presented to show the levels of achieved geodetic resolution to
date, the types of problems addressed, and to focus on directions of potential future research.

VLBI, SLR, and GPS are used for geodetic investigations of plate motions, plate boundary zone de-
formation, and earth orientation. However, for geodetic studies of lithospheric  deformation over regions
which span a few hundred kilometers or less, GPS is most practical because of lower instrumental costs and
higher portability. For areas where the immediate interest is to image the strain distribution pattern associ-
ated with a given fault, we will define the relevant zone of deformation to be less than 100 km from the
fault plane, typically within only a few fault widths,

Space-based geodesy consists of three-dimensional absolute positioning by simultaneous inversion of
range measurements between ground receivers and source transmitters or reflectors (e.g. GPS and SLR, re-
spectively) or by interferometric  analyis  of radio data (e.g. \’LBI). ~is is fundamentally different from rela-
tive line-of-sight measurements of distances in trilateration,  angles in triangulation, and variations in local
vertical in leveling. A space-based geodetic baseline is simply the vector (chord) between any two network
sites, defined with respect to a regional or global (e.g., earth-centered) coordinate reference (often called
“fiducial”) frame [see B/ewitt  et al., 1992]. Over a given baseline, relative changes in such three-dimen-
sional absolute positioning estimates in theory allow self-consistent determinations of plate motions and
strain and tilt. Uncertainties in relative motion estimates depend on single measurement accuracy, the in-
terval between mcasurcmcnts,  and the time span of total measurements [Coa[es  et al., 1985]. Rcfcrcnce
frame errors, or fiducial coordinate uncertainties, can bias baseline estimates and derived strain rates [Larson
e( al., 1991], as can an order of magnitude difference between horizonkll and vertical baseline component er-
rors.

Translational, rotational, and areal dilatational  errors must be considered in the analyses of network
geodetic mcasufcments.  While translation of an entire network has no effect on relative distances between
member stations, network rotations particularly can affect determinations of fault-parallel motion, for ex-
ample, and in certain cases conswaints  must be adopted to minimize fault-normal motions [e.g., Prescott,
1981; Prescotl  et al., 1981], The displacement rates of geodetic stations in a network may be used to esti-
mate the components of the strain rate tensor and a possible rigid body rotation rate. In two-dimensions, a
linear system of equations maybe expressed by

(6. 1)

where U and V are the displacements in the X and Y coordinates, respectively, and Y is parallel to the fault.
This may be solved in a least squares sense to obtain the fault normal and parallel strains, the shear strain,
and rotation, For example, space-based geodetic meawrernents may be used to detect regional block rota-
tion observed in paieomagnetic  studies and suggested by scismicity patterns [e.g., Nicholson et al., 1986].

Although VLBI, SLR, and GPS geodetic measurements are susceptible to translational and rotational
effects, such effects are less likely than in traditional local geodetic techniques because of the global nature
of space-based measurements. Inconsistencies in the use of coordinate reference frames may introduce net-
work-wide effects for example, when adjusting network site coordinates by implementing a plate tectonic
model and accounting for earth rotation and polar molion.  The fiducial approach to GPS data reduction in
addition is prone to externat  errors because of the geodetic ties, and thus dependence, that must be estab-
lished with VLBI and/or SLR sites in order to provide a requisite coordinate reference frame for estimating
geodetic and satellite orbital parameters. In general, the origin, orientation, and time evolution of this ori-
gin and orientation with respect to the physical network sites must be well-defined (constrained) to provide a
stable reference frame. Unlike VLBI, GPS is sensitive to the dynamical origin of the terrestrial reference
frame (the Earth center of mass, or geoccnter).  However, scale Icngth effects (due to uniform gravitational
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and earth model parameters, such as the product of the gravitational constant and Earth mass, GM), which
correspond to areal dilatational  network errors mentioned above, may result in systematic baseline errors and
thus require an additional constraint. Many of the intercomparisons  between these space-based geodetic
techniques are aimed at determining coordinate transformation parameter values, understanding differences in
the reference frames, assessing which what factors yield error sensitivity, and developing a compatible refer-
ence frame [e.g. Blewitr  et al., 1992], such as the International Terrestrial Reference Frame (ITRF)
[Internatwnal  Earth Rotatwn Service, 1991 Annual Repoz  IERS Central Bureau, Observatoire  de Paris,
1992] using each of these three types of measurements. This effort is necessary to ensure the long-term sta-
bility of high-resolution space-based gdetic measurements for scientific investigations.

6.1 Very Long Baseline Interferometry  (VLBI)

Geodesy with very long baseline interferometry  (VLBI) is based on positioning estimates at radio
telescope sites disrnbuted  on the Earth. Signals are recorded from extragalactic  radio sources, with observed
frequencies centered near 8.3 and 2.3 GHz and sampled to ~ 0.3 GHz with 2 MHz frequency windows, The
signals are cross-correlated to obtain the difference in group delay (arrival time) and the rate of change of the
interferometric  phase delay (the phases between two telescopes are correlated when both distances to the
common radio source are equal). The difference in group delay (t) is proportional to the chord distance L
@seline length) between telescopes and the sine of the angle@ between the baseline and the radio source (t
= L/c w @ where c is the radio wave velocity) [Clark  et al., 1987]. Hydrogen maser frequency standards
provide precise time-tag information. When many different radio sources are observed, each for about 100-
400 s over an interval of 24-48 hr, the ensemble of delay and rate measurements can be used to determine
the relative positions of the radio telescopes (and the radio sources) with a precision of better than 1 part in
109 of the inter-telescope distances [Herring et al., 1990].

Although VLBI is a highly prccisc  means of measuring distances and earth orientation parameters
[e.g., Herring e( al., 1986; Gwinn  et al., 1986], geodetic applications are regional and global  in nature, and
can be undertaken between sites only where radio telescopes (or mobile systems) are present. Clark et al.
[1985] describe the Mark-III VLBI system. Analysis techniques and geodetic parameter modeling and esti-
mation  am described by f[erring  et al. [1990] and references therein.

6.2 Satellite Laser Ranging (SLR)

Geodetic measurements with satellite Iascr  ranging (SLR) consist of transmitting very short (1 s)
laser pulses to retroreflectors  mounLcd  on earth-orbiting satellites and measuring the pulse travel time, thus
obtaining the distance to the satcll  itc. A series of range measurements with  a global ncLwork  allows deter-
mination of satellite orbital parameters and geodetic positions of the ground-based satellite tracking sys-
tems. The French geodetic satellite S tarlctte was launched in 1975, and the NASA L.ascr Geodynamics
Satellite (LAGEOS) was launched in 1976, dedicated exclusively to laser ranging for gcodynamical  applica-
tions. Chriskxhdidis et al. [1985] give a description of data analysis for obtaining tectonic plate motions
and geodcLic coordinates [Smith et al., 1985; Tapley el al., 1985]. Lunar laser ranging (LLR) is a similar
technique where retroreflectors  instead have been placed on the surface of the moon [Dickey and Eubanks,
1985], and has been used more for long-term studies of earth rotation and earth-moon systcm parameters
[Langley et al., 1981]. SubtJe  perturbations in satellite orbits are related to mass redistribution within the
earth. Laser ranging measurements also have been used to constrain surface loading and postglacial rebound
parameters, and to study the effect of inelasticity on long-period earth tides. Scicnt.ific results of LAGEOS
are presented in a special issue of the Journal of Geophysical Research [see Cohen and Smilh,  19851.

6.3 Global  Positioning System (GPS)

The types of crustal  or Iithospheric  motion problems addressable with VLBI and SLR typically are
more within the scopes of tectonics and global plate motion studies [e.g., Chri.rfodoulidis  e( al., 1985:
Clark et al., 1987; Minster  and Jordan, 1987; Kroger  et al., 1987; Ward, 1988] than they arc within the
scope of seismology. Mobile VLBI systems [Davidson and 7’rask, 1985] alleviate this situation to an ex-
tent, a recent example being measurements of coseismic displacements of the October 17, 1989, Loma
Pricta earthquake (Ms=7.1) [Clark  e~ al., 1990] in the southcm  Santa Cruz Mountains segment of the San
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Andreas fault, California. In addition, deployment of VLBI and SLR geodetic systems is costly and often
impossible in remote regions or for dense networks.

The Navigation Satellite Timing and Ranging (NAVSTAR) Global Positioning System (GPS) pro-
vides the most recent space-based geodetic technique for geophysical investigations, and is perhaps the most
exciting because it is applicable to a broad spectrum of problems where seismic measurements can be com-
plemented. High-precision positioning with GPS consists of simultaneous observations of several satel-
lites by a network of ground receivers (any given receiver must observe at least four satellites in order to en-
able estimates of the three components of position and a receiver clock offset term), GPS satellites eventu-
ally will number 24, in 6 orbitat planes, with altitudes of about 22,000 km [Green et al., 19891. GPS sig-
nal characteristics are given by S@ker [1978] and Milliken and Zoner [1978]. Techniques for precise
geodetic positioning using GPS are described by Bos.der et al. [1980] and Rernondi [19851.

GPS satellites transmit navigational positioning information centered at two L-band frequencies (L1,
1575.42 MHz and L2, 1227.60 MHz). These carrier frequencies are modulated with pseudo-random P-code
for precision range measurements (L1 and L2 carrier frequencies are 154 and 120 coherent multiples of
10.23 Mhz, respectively). For a group delay measuremen~ the received signal is cross-correlated with an
internal reference to yield “pseudorange,” so termed I-xxause of errors in both satellite and receiver clocks.
Interferometric  differencing  techniques may be used to eliminate clock errors common to satellite-receiver
pairs [Bock et al., 1986], or the errors may be modeled as polynomial functions or stochastic processes.
For a more precise phase delay measurement, also termed integrated Doppler, the total change in phase is
measured over several hours and converted to a correspmding  range change.

Geodetic estimates of coordinates and earth orientation parameters yield comparable errors using the
techniques outlined above. However, the portability and reduced cost of dual-band, multi-channel recti.vers
make GPS the most ~~iable  space-based geodetic technique for addressing local and regional deformation,
studying plate boundary deformation, fault behavior, and for deployment of dense networks as high-sensitiv-
ity strain instrumerms  for fault and volcanic monitoring, establishing an absolute geodetic framework (in
conjunction with VLBI) for tide gauge stations in order to monitor custatic sea level variations and to differ-
entiate such variations from tectonic motions, and for accessing remote areas for studies of tectonic plate in-
teraction, particularly where seismic data may be sparse (for example, in the Antarctic [Shibuya  et al.,
1990]). We discuss some of these applications in the following sections.

7. Geodetic Constraints on Large-Scale Seismological Problems

Routine analyses of space-based geodetic data involve modeling parameters that arc of interest to re-
gional and global seismological problems. In contrast to localized fault monitoring applications, in this
section wc discuss briefly the use of long bmclinc measurements for studies of regional deformation and tec-
tonic plate motion, earth orientation, the effects of core-mantle coupling, and the propagation into the at-
mosphere of waves duc to acoustic sources in the solid earth.

7.1 Regional Geodetic Baselines and Tectonic Plate Motion

Geophysical applications of VLBI are reviewed by Roberrson [1991]. The determination of plate
motions from SLR measurements is discussed by Christodou/idis  et ai. [19851. Dixon [1991] reviews the
results of several GPS geodetic experiments to date, emphasizing the use of GPS for plate motion studies
where, for example, constraints provided by spreading center and transform gcmmctry  are pea and slip vec-
tors are insufficient.

Epoch (periodic) measurements of long geodetic baselines (greater than a few hundred kilometers)
across tectonic plate boundaries yield the far-field limit of the strains attributable to motion along corre-
sponding fault systems that are driven by the relative plate motion. In fault models, the far-field displace-
ment rates provide the boundary conditions that must be satisfied by stresses originating near the rupture
zones [e.g., Saucier, 1992]. Constraining regional strain, therefore, is a natural extension of understanding
Iodized strain accumulation on faults and is an im~rtant  element of understanding boundary zone deforma-
tion and propagation of stresses onto continents.
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7.2 Subduction Zones

The earthquake mechanism in subduction zones is related, LO a certain extent, to the types of strain
accumulation and release processes discussed previously in Section 3 for strike-slip or transform plate
boundaries. For example, Savage [1983b] assumes an earthquake cycle with locking in the main thrust
zone superimposed on steady-state aseismic  subduction at the plate convergence rate. Thatcher and Rundle
[1984] include the effects of asthenospheric  relaxation by imposing normal slip. Measurements of associ-
ated surface deformation perhaps lend themselves more to regional space-based geodesy given the area] ex-
tent of potential rupture due to large or great earthquakes, the more complex behavior associated with deep
subduction zone earthquakes, and the difficult access to sites of interest (often requiring the occupation of a
few remote islands, each of which represents a single point on a tectonic plate in order to provide trench-
crossing baselines),

Spatial and temporal variations of mechanical strength associated with the stress fields of subduction
and outer-rise zones can be obtained from seismic data analyses. Geodetic measurements may contribute to
understanding the relationship between compressional  stress regimes and down-dip tensional stresses related
to earthquakes of different depths at interplatc  boundaries [see Dmowska and Lovison,  1988]. As GPS net-
works expand and globally distributed geodetic observatories are established, more data will become avail-
able to investigate the mechanical state of the plate boundaries and to determine the stage of an earthquake
cycle, including the effects of oblique convergence, variations in slip rates, and thus the potential for a great
earthquake.

7.3 Earth Orientation

VLBI, SLR, and LLR (and optical astromctry)  studies have contributed greatly to studies of Earth ro-
tation and polar motion [e.g., Dickey and Eubanks, 1985; Dickey et al., 1985). Rcccntly,  GPS has bccomc
an increasingly viable high-resolution technique in this area [e.g. f,ichfen  e( a/., 1992; Lindq.wisrer  e~ al.,
1992]. Such studies, for example, include modeling the effects of the Earth’s elastic parameters, and ac-
counting for deviations of the core-mantle boundary from hydrostatic equilibrium from analyses of inferred
Iatcral variations in lower mantle velocity structure and low-order variations in the gcoid [Richards and
Hager, 1984; IIager e( al., 1985]), the kinematic viscosity of the core, and the tidal response of the Earth,
Nutation  theory [e.g., Wahr, 1981] provides a means of reducing astromctric  obscrvaticms,  kasod on as-
sumptions about properties of the Earth that can be constrained by global seismic data, including body
wave, surface wave, and free oscillation data (name] y t-he splitting of normal modes. duc to the Earth’s rota-
tion [Dahien, 1968]), estimating the temporal Q of given modes from their spectral widths [Stein and
Ge/ler, 1977], and determining the effects of a fluid core [Snrith,  1977; Smi/h and Dahlen, 1981]. Correc-
tions to the nutation  series for obliquity and longilude  angle are estimated simultancmsly  with geodetic pa-
rameters using a least-squares or Kalman filter  technique [Herring et al., 1990].

Geodetic baseline estimates may bc Wansformcd  from a crust-fixed to an inertial rcfcrcncc frame by a
matrix product that accounts for precession, nutation, diurnal spin, and polar motion or Chandler “wobble”
[}/erring et al., 1986]. High-resolution mcasuremcn~s of carLh rotation, UT1-UTC, and length-of-day
(LOD) fluctuations in Lhe angular velociLy of the Earth’s rotation can be explained in terms of internal
changes in angular momentum associated with the core, mande,  and atmosphere (e.g. atmospheric angular
momentum) and hydrosphere system (LOD is the negative of the time derivative of the earth orientation
parameter UTl, the total rotational phase angle). Slade and Yoder [1989] discuss possible excitation of the
Chandler wobble by the great 1960 Chilean earthquake. Further discussion of the plausibility of earthquake
excitation mechanisms is provided by S(acey  [1977], inc!uding the effect of mantte  Q on wobble damping,
and by Chao and Gross  [1987] and Preisig  [1991]. For example, a greater anelmticity  (lower Q value) re-
sults in an amplification of the response duc Lo variations in the shape of the solid Earth (momcn:  of iner-
tia) which are associated with solar-lunar tidal effects on great earthquakes.

7.4 Core-Mantle Coupling

In nutation  theories [Wahr, 1981; Sasao e( al., 1980], the EarLhs  mantle and core arc coupled by in-
ertial, magnetic, and viscous forces. Inertial forces are the Iargcst  and arise from mandc  pressure deflecting
the core fluid during nutation, and producing a non-zero net torque as the core is flattened. Core flow thus



mentioned in Section 7, and would support the efforts of more regional and local networks distributed
throughout the globe. In this section, we address the capabilities of permanent GPS monitoring networks
as high-resohttion strain instruments on a local  to regional scale, and we discuss the potential benefits of
collocating a global GPS geodetic network with existing global seismographic networks with modem digi-
tal seismographic instruments.

8.1 Localized Strain Monitoring

Continuously recording GPS monitoring stations [Shimada et al., 1989; 1990: Yabuki  el al., 1991;
Lindgwister  et aL, 1991] can be deployed in a manner analogous to large-scale strainmeters.  Figure 11
shows the location of an automated fixed-point GPS network installed in the south Kanto-Tokai region sur-
rounding Tokyo, Japan. Changes in the components of a 10 km baseline overlying the Teishi  undersea
volcano are shown in Fig, 12. After the peak of the seismic swarm prior to the eruption, a 10 cm change
in north-sou~,and 8 cm change in cast-west baseline components was observed, with an overall baseline
length extension of about 10 cm. These are the first continuously operating GPS network results to show
correlation of crustal  deformation with a seismo-volcanic  even~ and are particularly remarkable given the
relatively low resolution due to a weak GPS satellite tracking geometry at the time [Shimada et al., 1990].
Okada and Yamamoto [19911 present a model for this activity by combining various crustal  movement data
with seismic data.

Successful detection of deformation signals, over a given spatial exten~ is dictated by the spectrum
of the deformation in relation to that of the measurement noise. Continuously recording strainmeters  (and
tiltmeters)  yield resolutions typically better than 10-9 & for short-term signals [ Wyau, 1988]. In fact, very
high sensitivity borehole  strainmeters  have a resolution of 10-5 to 10-12, with a O-10 Hz strain response
capable of recording static and dynamic offset.., however with an instrument drift rate of about 10-7/yr.
Although strainmeters  have such high sensitivity, errors do increase in time (t) approximately as tl/2 be-
cause of instrument calibration errors, and therefore longer  period signatures are harder to resolve. Assum-
ing that measurements are carried out at constant intervals At, only deformation signatures greater than 2At
arc resolvable, corresponding to frcqucncics  below the Nyquist  {fN).  The one-sided power spectral density
(PSD) can be wnttcn

F’(f) = K~a,  f < (2&)-1 (8.1)

[Agnew, 1987]. For high-precision laser strainmctcrs,  :his representation is adequate for frequencies below
104 Hz, with the frequency fall-off term (a) equal to 2.5 [Agnew, 1986].

S trainmetcrs  measure differences in relative distance, whereas GPS geodesy consists deriving strain
rates from baseline component changes between measurement epochs which arc defined in an absolute carth-
centercd reference frame. Following the idealized approach of Agnew [1987], errors in strain estimates based
on diffcrcnccs in absolute positioning are assumed to be uncorrclatcd  beyond period ~. The PSD is white
below the comer frequency f. (~-1), and is scaled by the swain estimate variance o&2 divided by the Nyquist
frwylcncy,

in accordance with Parseval’s  theorcm. Beyond fo, the PSD falls off at a rate that depends on the noise cor-
relation. The crossover frequency (fc) between, the strainmeter  and GPS measurement PSDS is determined
by equating P(O in Eq. (8.1) to P. in Eq. (8.2),

k  = (2At crc2 / K) l/a (8.3)

where ~ is the crossover period (fc-l). For deformation signals with periods greater than ~, GPS measure-
ments are preferable due to their smaller relative noise level. These various spectral relationships between
strainmeters  and GPS measurements are illustrated schematically in Fig. 13.



8.1.1 Geodetic Measurement Errors

Strain variances obtained from differences in geodetic estimates of short (local) distances L can be ex-
pressed in the form

~E2 = #!L-2 + bz + c2L-2(1  . e-Lfl)2 . (8.4)

as suggested by Dixon [1991] and shown in Fig. 14a. In the case of GPS measurements, the term a is de-
rived from intrinsic receiver noise and set-up errors, while b is related principally to uncertainties in satellite
ephemerides. At distances of less than about 100 km, errors associated with estimation of GPS satellite
ephemerides are insignificant because they can be different between stations [Bock et ai., 1986]. A transi-
tional dependence on tropospheric path delay errors is given by the term scaled by c, where X is the spatial
correlation length of tropospheric water vapor throughout the GPS network. If the term c is dropped in eq.
(8.4), corresponding to regional rather than local  measurements, typical estimated values for a are 5 mm,
and 3 x 10-9 for b for horizontal component VLBI baseline determinations [Clark et al., 1987], and ranging
from 3 to 8 mm for a and 1-2x 10-8 for b in regional GPS measurements [Dixon et al., 199 la,b]. Both
VLBI and GPS yield an order of magnitude improvement over traditional geodetic techniques, such as using
Geodolites,  where the baseline lenglh-dependent  term is 2 x 10-7 [e.g., Savage and Presco[t,  1973]. How-
ever, over baselines ranging from 10 to 50 km, Davis et al. [1989] find no significant differences between
Geodolite  and GPS measurements, with an accuracy of 1-2 mm/yr in slip rate estimates.

Differential ionospheric effects may be another significant error source in local GPS networks.
Although dual-band measurements can be used to reduce dispersive ionospheric path delays by forming a
linear combination of the GPS observable [flock  e~ al., 1986; B/ewi{t,  1989], this “ionosphere-free” com-
bination  amplifies dispersive effects, including signal multipath  (scattering); hence it may be preferable to
analyze dual-band data scparamly. Otherwise, there is a complicating factor in the error term a of Eq. (8.4).
The tradeoff between noise amplification and elimination of length-dependent errors due to orbits, tropo-
spheric path delays, residual ionospheric effects, and the distance between GPS stations determine the effec-
tive precision of the geodetic measurements.

Baseline precision is defined by the scatter of individual estimates about a mean weighted by the for-
mal errors of each estimate. The terms in Eq. (8A) can bc estimated by regression of these “rcpca~~bilities”
on baseline length, assuming that the scatlcr is comparable to the error of any given estimate. Long-term
errors such as monument instability, which also arc significant in strainmetcr  measurements, may dominate
over periods of several  yc,ars, and therefore to a lesser degree affect the ability to resolve baseline changes
over smaller time spans. Fiducial, or global satellite tracking network, station coordinate uncertainties may
bias estimates systematically, thus affecting accuracy [e.g., Davis et al., 1989; Tra/li  and Lichten,  1990]
and also precision if the network is not rcpcatcd  exactly during each observation session.

Based on experiments over baselines of a few kilometers to hundreds of kilometers in length [e.g.,
Tralli  et al., 1988; Blewitt, 1989; Dong and Bock, 1989; Davis et al., 1989; Dixon e! al., 1991a,b;  Larson
and Agnew, 199 1; Shimada and Bock, 1992], GPS precision in horizontal components has been demon-
strated to be at a level of 0.1 to 1.0 cm for baselines up to 100 km. Genrich  and Bock [1992] present the
results of a 250 m GPS alignment array near Parkfield,  California, with a submillimetcr  static measurement
precision and millimeter-level kinematic precision. These error levels can be modeled using Eq. (8.4) as a
0.1 cm constant error for receiver noise, 3 parts in 108 length-dependent error, and an asymptotic contribu-
tion of 0.5 to 1 cm due to tropospheric path delays [e.g., Davis et al., 1985; Trulli and Lichten,  1990] with
A of 50 to 100 km (Fig. 14b). Vertical baseline component errors are higher and related directly to tropo-
spheric path delay eqms provided carrier phase cycle ambiguities arc resolved [Tra//i  et al., 1988].

8.1.2 Comparison with Slrainmeler  Measurements

The tradeoff between sampling interval (At) and strain measurement precision (cr&) is denoted by Eq.
(8.3). A measurement span of n (> 1) days decreases the geodetic estimate error by averaging, but reduces
the resolution of higher-frequency signals. However, with geodetic sampling intervals of less than 1 day,
the GPS uncertainties increase due to decreased satellite observation time and thus Icss data redundancy for
parameter estimation. Figure 14b shows that for a 20 km baseline, daily GPS sampling with an asymp-



totic  tropospheric path delay error of 0.5 cm yields a comparable frequency crossover to half-day sampling
with a 1 cm tropospheric error. Decreasing the geodetic sampling interval of the GPS measurements im-
proves their utility relative to strainmetcrs.  In general, at longer periods the GPS noise has a lower PSD,
indicating longer-term stability. A smaller tropospheric correlation length increases the GPS error (Fig.
14a) and thus increases the crossover time (Fig. 14b).

Electronic distance measuring (EDM) has a functionally similar noise PSD to that of GPS measure-
ments [Agnew, 1986]. Duvis et al. [1989] show excellent agreement between Geodolite  and GPS measure-
ments over distances of about 10 to 50 km. Agnew [1986] shows EDM and strainmeter  crossover times as-
suming a constant error of 0.7 mm and a length-dependent error of 1.2 parts in 107. However, the advan-
tage of GPS measurements is that smaller error levels can be maintained over distances in excess of a hun-
dred kilometers, thus enabling consistent localized fault monitoring and measurements of possibly related
strain changes at greater distances [e.g., Simpson et al., 1988] simultaneously in three components, al-
though this is more difficult to achieve in practice.

Temporal PSD models of noise in GPS and high-quality strainmetcr  measurements of crustal  defor-
mation suggest that GPS may be preferable for short-term signals in under 6 months of continuous obser-
vations over distances up to 100 km, assuming a GPS geodetic precision of 0.1 to 1.0 cm in horizontal
baseline components. Ah.bough it is possible to obtain GPS geodetic estimates every few minutes, given
proper network design and satellite geometry, tropospheric path delay errors may become highly correlated
and wriodic  errors attributed to signrd multipath  may not be reduced by averaging. These errors may ob-
scure short-period strain signals [Tralli,  1991].

S trainmcter  and GPS measurements arc complementary due to the differences in temporal noise spec-
tra and the mnge of distances over which these measurements can be made. Realistic crustal  deformation
modeling which accounts for strain accumulation and fault dynamics requires near-ticld strain measurements,
high-precision local and regional geodetic data, and broadband seismic data. These measurements enable the
investigation of the entire range of spatial and temporal deformation scales. The spectral models dcscribcd
here will be tested in the near future with  data from continuous GPS monitoring arrays to determine when
and where GPS measurements are useful in this regard.

8.2 Collocation with Seismographic Networks

In the previous sections of this paper, we discussed the theoretical relationships betwccc measure-
ments  of surface deformation, seismic source characterimtion,  and earth structure, The questions wc address
now arc: What can be gained from a seismological or tectonic viewpoint by establishing a global  network
of geodetic (GPS) stations, and what arc lhc scientific advantages of collocation wiLh broadband seismo-
graphic networks such m the Incorporated Research Institutions for Seismology (IRIS) Global  Seismo-
graphic Network?

High-resolution global geodetic network measurements overlap the bandwidth of long-period seismic
data. GPS stations operating with sampling rates from 1 s to a fcw minutes, and collocated with broadband
seismographic stations covering a period range of 0.1 to a fcw hundred seconds, enable ground motion mon-
itoring in the frequency band of O to 10 Hz (the low-frequency limit being the length  of time the GPS net-
work is operational). Nonetheless, geodetic baselines from such a station would have to be short, or of suf-
ficiently high resolution, to allow the detection of a net deformation (integrated along a given baseline) for
comparison with long-period seismic waveforms. In other words, even if a geodetic site is locatul  near the
earthquake epicenter, the deformation signamrcs  will be obscured in any baseline solutions that exceed a few
fault widths in length unless a dense and smaller-aperture auxiliary network of geodetic receivers is de-
ployed.

The advantages of a global geodetic network are more pragmatic in nature: (1) reference station posi-
tions would be established to support dense networks in the event of a major earthquake, either as GPS
fiducial stations for periodic measurements or rcfercnccs for rapid static or kinematic surveys near the rup-
ture area: (2) geodetic measurements would be made continuously in the event of an earthquake such that
preseismic,  coseismic,  and postseismic  data would be available, while intcrseismic slip rates could be de-
termined over a long span of observations between events; (3) increased precision of earth orientation pa-
rameters  and long baseline estimates for global plate motion modeling would result from improved GPS
satellite tracking and the dcvclopmcnt  of a stable coordinate reference frame such as the ITIW [e.g. Blewiu
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et al., 1992], as discussed previously in section 6. In addition, the telecommunications and mass storage
capabilities of various collocated data type networks could be shared.

A globally distributed network of about 200 high-precision GPS stations would contribute to im-
provements of global plate tectonic models such as NUVEL-1 [Delfets  et al., 1990], which is the most ad-
vanced model to date and useful for providing the driving force boundary conditions on regional deformation
models. Constraints on mantle viscosity and lateral variations in elastic parameters may be improved given
smaller uncertainties on vertical motions for artrdyses  of surface loading, postglacial rebound and astheno-
spheric relaxation. On the other hand, such a global geodetic network overall may do little to improve the
understanding of near-field fault behavior, since constraints on realistic rhecdogical  models and source pa-
rameters are provided only by spatially and temporally high-resolution near-field measurements. From the
standpoint of earthquake seismology, there is greater expectation from concentrated geodetic efforts that fo-
cus on monitoring specific seismic and volcanic zones of recognized hazard potential, including areas of
complex plate convergence such as subduction and continental collision zones, than from global networks

. with large inter-station spacing. Several institutions have begun the deployment of regional broadband digi-
tal seismographic networks which are collocated with GPS receivers. A global geodetic network simply
provides an accurate framework for further geodetic densifications  which should be pursued in areas where
complimentary seismic and strain instrumentation are operational, The various approaches for the simulta-
neous inversion of seismic and geodetic data then could be applied to investigate seismic source properties
and deformation precesses.

9. Conclusions

High-resolution geodetic data obtained with space-based techniques such as VLBI, SLR, and GPS can
contribute to the understanding of seismic sources, mechanical mode.ls of fault behavior, the partitioning of
aseismic  creep and seismic slip, the depth distribution of fault slip, the intcractior!  of member faults within
a regional fault system, the relationship between fault  dynamics and plate  boundary deformation, the accu-
mulation and release of tectonic stress, the global interaction of tectonic pla~es, internal earth  structure such
as viscosity and elasticity, and emh orientation parameters related to mass distribution. The advantage of
space-based geodesy lies in the ability to obtain measurements with a precision of at least  1 part in 108 of
baseline length over local to regional distances, with comparable accuracy ensured by the long-term stability
of the measurements in a robust, globally established, and stable rcfcrcncc  fr:lmc.

In this paper, wc have reviewed the fundamental relationships between a seismic source and the result-
ing surface deformation, and methods for inverting geodetic and seismic data simultaneously through the
characterization of static and kinematic displacements, respectively. Geodetic measurements undertaken at
all phases of an earthquake cycle can be incorporated in wtrthquakc source parameterizations,  geometrical
fault models, and theological models of fault zone behavior consistent with laboratory studies of reck sam-
ples,  in order to characterize the strain accumulation and release process in the seismic source region.
Regional geodetic measurements may provide constraints on the response of faults to stress loading over
distances of several fault widths. The interrelationships between earthquake source, fault, and medium prop-
erties may yield new insights into the problem of earthquake prediction, in part allowing or giving direction
to the imaging of precursory surface deformation signals that otherwise may be aliased  spatially or tempo-
rally  by traditional geodetic and strain mcasunng  techniques. We also have discussed the response and reso-
lution of the geodetic data required to gain in the understanding of crustal  deformation at the various phases
of the earthquake cycle. The mechanical conditions of plate boundary deformation arc related to the interac-
tive behavior of the individual faults tiat manifest the boundary itself. Comprehensive modeling of the de-
formation requires the integration of local and regionai  measurements of overlapping response to develop
dynamic and kinematic models of crustaf or lithosphenc  deformation.

The similarity and complementarily of the deformation measurement response of seismological and
space-based geodetic measurements make their combined use innovative for geophysical research.
Seismological problems that can be constrained with high-resolution geodetic data include not only large-
scale pursuits, such as the nature of the Earth’s interior and the effect on orientation and rotation, but also
practical applications such as the real-time imaging of surface deformation for active fault and volcanic erup-
tion monitoring, and eventually for hazard mitigation. This potential of seismic and geodetic data is being
recognized. In such a manner, seismology and space-based geodesy can Mnefit mutually by recognizing the-



measurement limitations and requirements imposed by each other for addressing geophysical problems,
Thus, scientific results that exploit the broader measurement response will be possible, yielding better con-
straints, smaller uncertainties, and improved models.
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Figure Captions

Fig. 1. (Top): Range of linear dimensions of an earthquake (M > 6) and baseline lengths involved in GPS,
VLBI and SLR measurements. (Bottom: Time spans typical for an earthquake source process and
space-based geodetic measurements (GPS, VLBI and SLR). Dashed lines indicate ranges (yet ambigu-
ous) associated with preseismic  and post seismic deformation. Dotted lines and arrows show potential
application ranges for each technique.

Fig. 2. (a) Geometry of an earthquake fault  and observation point. (El, ~2, ~3) is the rupture front coordi-
nate on the fault piane and (XI, x2, x3) is the observation point. (b) Grids are allocated on the fault
plane to model the rupture process as a series of point sources.

Fig. 3. Diagram of a simple screw dislocation model for a shallow, strike-slip, vertical fault. The dashed
circle is displaced to the solid, and a uniform relative displacement of S results on the fault surface
(figure taken from Stacey  [19771).

Fig. 4. (a) Simple uniform elastic halfspace  and (b) elastic layer over viscoelastic  halfspacc  models used to
describe the earthquake cycle. The bold lines to a depth D in (a) and to a depth H in (b) denote the ex-
tent of coseismic rupture. The response in (b) is given by Nur and Mavko  [1974] (for further discus-
sions, see Savage and Prescott [1978] and Savage [1990]).

Fig. 5. Geometry of a simple vertical rectangular fault, with a strike-slip source of length 2L extending
from depths h to H below the free surface, in an isotropic, linearly viscoelastic  halfspacc  (from
Rosenman and Singh [19731).

Fig. 6. a) The variation of the fault-pasallel  strain component &xx with epicentral  distance a!ong the fault.
The ratio H/L is 0.1 (see Fig. 5) Voigt and Maxwell viscoelastic  model  cases are shown for comP~i-
son, and coincide with the elastic case for zero and infinite rcspccxive  relaxation times: b) sam as a) for
the fault-pcrpcndicuktr  strain component Cyy with epicentral  distance perpendicular from the fault  (from
Rosenman  and Singh [1973]).

Fig. 7. Schematic locations of the GPS network in the southcm Gulf of California [Dixot:  et al., 199 lb]
and the four model transform events used for numerical calculations of surface displacements (from
Tajima and Tralli  [1991]). The faults extend from the surface to a depth of 10 km, with a prescribed
dislocation of 1 m and assumed rigidity of 3X1011 dyne/cm2, yielding a seismic moment of 1.5x1026

dyne-cm. The fault model geometry is shown in Fig. 6. Surface displacements are shown in Fig. 8.

Fig. 8. East-west surface displacements relative to Cabo San Lucas, as a function of distance along the 450
km baseline from Cabo San Lucas to Bahia de Conccpcion,  duc to the model events shown in Fig. 7.
All events are assumed in an elastic halfspace  unless othenvise  indicated. Maxwell viscoelastic  model
displacements arc specified with th equal to 1. The dotted lines indicate the geodetic precision of GPS
measurements determined from the actual GPS network based on repeatabilities  (random errors), while
dashed lines are the total errors which include systematic errors based on sensitivity analyses (Dixon et
al., 1991b]).

Fig. 9. Plot of the characteristic time versus characteristic length of lithospheric  deformation events. Creep
events on the San Andreas fault occur at approximately 1 m/s and strain migration events occur al.
about 1 mm/s (from Beroza and Jordan [1990]).

Fig. 10. Schematic diagram of the three space-bmed geodetic techniques discussed in the text (figure adopted
from D. Wells (1987), Guide to GPS positioning, Canadian GPS Associates).

Fig. 11. Geographic location of the automated fixed-point GPS network installed in the south Kanto-Tokai
region surrounding Tokyo by Japan’s National Research Center for Disaster Prevention (from Slrimurfa
et al., [1990]),
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Fig. 12. Change in the components of a 10 km baseline overlying the Teishi  undersea volcano (see Fig.
10). After the peak of the seismic swarm prior to the eruption, a 10 cm change in N-S and 8 cm
change in E-W baseline components was observed, with an overall baseline length extension of about
10 cm (adopted from Shimu&a et al., [19901).

Fig. 13. Schematic log-log power spectral density diagram comparing strainmeter measurements with 5 and
1 day GPS geodetic sampling, and continuous GPS measurements. fN refers to a Nyquist frequenCy
and fc to a crossover frequency (see Eq. (8.3)), and f. to a comer frequency for correlated noise [1’’ra//i,
1991].

Fig. 14a. GPS geodetic baseline error as a function of length using the model given by Eq. (8.4), with a
equal to 0.1 cm, b equal to 3 parts in 108 and:

c (cm) L (km)

I, Ha 0.5 100
0.5 50

E 1.0 100
rrIb 1.0 50

Fig. 14b. Comparison of the crossover time (days) after which GPS measurements of crustal  deformation
yield a smaller relative noise level than strainmeters,  as a function of baseline length, for errors as
given in Fig. 14a with I) At=5 days: II) At=l day; and 111) At=O.5 day in Eq. (8.3). Strainmeter  model
pammeters  are described in Section 8.1.
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